The objectives of this study were to assess the genetic variability of haploids (2n = 2x = 24) extracted from tetraploid Solanum tuberosum through 4x × 2x crosses with Solanum phureja. Molecular and phenotypic analyses were performed to fingerprint the genotypes used and to evaluate their potential use in breeding programs. AFLP analysis revealed the presence of specific bands derived from the tetraploid seed parent S. phureja, as well as ex novo originated bands. On average, 210 bands were visualized per genotype, 149 (70%) of which were common to both parental genotypes. The percentage of S. tuberosum specific bands ranged from 25.1% to 18.6%, with an average of 22%. The fraction of genome coming from S. phureja ranged from 1.9% to 6.5%, with an average value of 4%. The percentage of ex novo bands varied from 1.9% to 9.0%. The presence of S. phureja DNA is very interesting because it indicated that S. phureja pollinator is involved in the mechanism of haploid formation. The characterization for resistance to Erwinia carotovora subsp. carotovora and potato virus X (PVX) provided evidence that haploids may express traits that are lacking in the tetraploids they come from, which can be useful for both genetic studies and breeding purposes. It is noteworthy that genotypes combining resistance to both diseases and good pollen stainability were identified. Other possible breeding implications owing to the presence of S. phureja genome in the haploids analyzed are discussed.
Introduction
The potato grown worldwide (Solanum tuberosum, 2n = 4x = 48) is a polysomic polyploid with tetrasomic inheritance patterns that makes genetic studies and conventional breeding efforts rather difficult. Owing to these characteristics, alternative breeding strategies have been developed to produce new valuable genotypes. Many of them are based on the use of haploids (2n = 2x = 24) produced from tetraploid S. tuberosum. Their 24 chromosome complement and disomic inheritance provides opportunities for simpler genetic studies and for a better understanding of the degree of relationship between the cultivated 4x potato and other Solanum species. They can also be efficiently used for studies on chromosome pairing and natural mutation accumulated at the tetraploid level, and for the production of aneuploids and monoploids (2n = x = 12). Besides being essential tools for genetic studies, haploids represent important genetic material for breeding purposes. Peloquin et al. (1989) proposed the use of S. tuberosum haploids to "capture" both genetic diversity and desirable traits contained in both wild and cultivated tuber-bearing 2x Solanum species. According to this strategy, haploids are crossed with diploid species to develop interspecific populations that have simple inheritance patterns. Hybrids are selected for traits of interest and for 2n gamete production to use in sexual polyploidization crossing schemes (Peloquin et al. 1999) . Solanum tuberosum haploids can also be used as fusion partners in somatic hybridization programs. Hougas and Peloquin (1958) first reported that haploids of the cultivated potato can be obtained through 4x × 2x interploidy crosses between S. tuberosum cultivars and S. phureja. Von Wangenheim et al. (1960) and MontelongoEscobedo and Rowe (1969) reported that both generative nuclei fuse with the central cell to form a hexaploid endosperm and that the egg develops parthenogenetically. An additional haploid formation mechanism was reported by Clulow et al. (1991) . Through RFLP analysis they found that the Solanum phureja genome was present in haploids extracted from S. tuberosum 'Pentland Crown', and hypothesized that a mechanism of preferential elimination of S. phureja chromosomes from triploid zygotes is involved.
The objectives of this research were (i) to examine through molecular analysis the genetic constitution and polymorphism of a haploid population and (ii) to evaluate the variability for important traits of haploid genotypes obtained from six 4x S. tuberosum genotypes.
Materials and methods

Plant material
Used in this study were 58 selected haploids with euploid chromosome number (2n = 2x = 24) produced through 4x × 2x interploidy pollinations between six tetraploid seed parents and one diploid clone of S. phureja (IVP 35). They were planted in the field to obtain leaves for molecular analysis and tubers for resistance evaluations. Haploids were extracted from AVRDC 1287.19, S. tuberosum 'Chiquita', S. tuberosum 'Conchita', CFK69.1, S. tuberosum 'Desiree', and V2 and were coded AVI, CHI, COI, CFI, DEI, and V2, respectively, based on their tetraploid parent. During the flowering period, pollen stainability was determined by collecting pollen samples from five flowers of each haploid. Pollen grains were stained using 1% w/v acetocarmine. Pollen stainability was calculated on at least 500 pollen grains and haploids were considered fertile when pollen stainability was greater than 5% (Quinn et al. 1974) .
AFLP analysis
AFLP analysis was performed on 12 haploids extracted from V2. This population was chosen because it contained the largest number of superior genotypes from a breeding standpoint. The method followed was that described by Vos et al. (1995) , and the Gibco-BRL AFLP analysis system I commercial kit (Life Technologies, Gaithersburg, Md.) was employed. For selective amplifications, seven primer combinations were used: EcoRI primer (E)-ACT -MseI primer (M)-CAG; E-ACT-M-CAC; E-ACT-M-CAT; E-ACT-M-CTG; E-ACC-M-CAG; E-ACC-M-CTT; and E-ACT-M-CTT. Amplification products observed on acrylamide gel were scored as present (1) or absent (0). Pairwise comparisons were used to generate a similarity matrix based on simple matching coefficients (Sneath and Sokal 1973) . A cluster analysis based on UPGMA (unweighted pair-group method with arithmetic averaging) was developed using the NTSYS program (Rolf 1998 ).
Resistance to Erwinia carotovora subsp. carotovora (Ecc)
The Erwinia strain used was 009, obtained from the International Potato Center. To inoculate tubers, a bacterial suspension of 10 7 colony-forming units (CFUs)/mL was obtained from cultures on nutrient agar at 25°C for 48 h. Forty-one haploid clones, their seed parents, and the control, susceptible cultivar 'Desiree', were screened for resistance to tuber soft rot. The screening technique reported by Carputo et al. (1997) was used. After sterilization with 0.5% sodium chloride for 20 min, between 3 and 5 holes (2 mm wide × 2 cm deep) were drilled into each tuber. One hole was inoculated with sterile water as control, and all others were inoculated with 20 mL of bacterial suspension. Seven to 10 tubers of each clone were inoculated. After 72 h incubation at 24°C in a dew chamber, each tuber was cut vertically through the injection points and the diameter of decay was measured. Haploids were considered resistant when the diameter of the rotted area was <4 mm, according to the arbitrary scale previously reported (Carputo et al. 1997 ).
Resistance to potato virus X (PVX)
The resistance test to PVX was performed on 53 haploids with strain Sot-1 maintained and multiplied on Nicotiana tabacum 'Samsum NN'. The test was conducted in a growth chamber at 22°C (day) : 16°C (night) and 70% relative humidity. The first two fully expanded leaves from the apex were mechanically inoculated with tobacco inoculum. Ten plants of each clone and the control cultivar 'Desiree' were inoculated. Fifteen and 30 days after inoculation, leaves were collected from each plant and checked by ELISA to ascertain the presence of the virus. Absorbance value was determined by spectrometry analysis at 405 nm. Plants with absorbance values <0.1 were considered resistant.
Results
Genome analysis
Twelve haploid genotypes extracted from tetraploid parent V2 were analyzed with seven AFLP primer combinations. Of 380 bands obtained testing the haploids and the parental genotypes, 152 were polymorphic with an average of 21.7 per primer combination. Fifty-four bands were identified as S. phureja (phu) specific, since they amplified the fragment in S. phureja but not in S. tuberosum. The presence of these bands ranged from 1 to 18, with a mean value of 7.7 bands per primer combination. The number of S. tuberosum (tbr) specific bands was higher with all primer combinations except for E-ACT-M-CAT. Table 1 reports the results of the AFLP analysis performed. The band patterns scored in the haploid genotypes fell into four categories: (A) phu-specific bands; (B) tbrspecific bands; (C) monomorphic bands; and (D) bands present in haploids but absent in both tbr and phu (Fig. 1) . Out of 174 bands that were monomorphic between parents, 77 (44%) segregated in the haploid population. Segregation was also observed for most of the 78 V2-specific bands. The number of V2 segregating bands ranged from 3 (primer combination E-ACT-M-CAT) to 18 (primer combinations E-ACT-M-CAG and E-ACT-M-CTT). Out of 52 IVP 35 specific bands analyzed, 25 (48%) were present in at least one haploid genotype. The primer combination E-ACT-M-CAT showed the highest number of phu-specific bands present in the haploids. Molecular analysis of our haploids also provided evidence that 25 bands were originated ex novo. On average, 3.5 new originated bands/primer combination were detected. Chi-squared analysis revealed that the proportion of IVP 35 specific bands and monomorphic bands were dependent on the primer combination used (χ 2 = 24.75, P < 0.01 and χ 2 = 17.71, P < 0.01, respectively). Details on the composition of each haploid genome (estimated as percentage of AFLP bands) are reported in Fig. 2 . Each haploid genotype showed a different genetic composition. On average, 210 bands were visualized per genotype, 149 (70%) of which were common to both parental genotypes. The percentage of tbr-specific bands ranged from 25.1% to 18.6%, with an average of 22%. The fraction of genome coming from S. phureja ranged from 1.9% to 6.5% with an average value of 4%. The percentage of ex novo bands varied from 1.9% to 9.0%. On average, 4% (8 bands) were present in some haploids and absent in both parental genotypes. The genotype V2 137 showed the highest number of S. phureja specific bands (6.5%) and newly generated bands (9%). By contrast, V2 39 had the lowest values for both of them (1.9%), and showed a genetic composition very similar to V2 59.
Based on AFLP data analysis, a pairwise matrix among genotypes was generated to perform a genetic comparison among haploid genotypes, V2, and IVP 35. The similarity index ranged from 0.95 (V2 58 -V2 59) to 0.62 (V2 23 -V2 137). The resulting dendrogram is reported in Fig. 3 . The topology of the phylogenic tree evidenced a main cluster, where almost all haploid genotypes are arranged with a good degree of variability. Two genotypes lay completely outside the main cluster, V2 137 and the haploid inducer IVP 35.
Resistance evaluation
The haploid populations differed in their sensitivity to tuber soft rot and PVX. Table 2 reports results of the screening tests for Ecc and PVX resistance. As for Ecc, the mean diameter of rotted area of each population is reported. It ranged from 4.6 mm ('Desiree' population) to 9.4 mm ('Conchita' population) (LSD 0.05 = 1.6 mm). The average value of V2 population was close to S. tuberosum parent V2 (6.9 mm). By contrast, the average diameter of rotted area of the population derived from AVRDC 1287.19 was reduced compared with the S. tuberosum parent (6.7 mm vs. 11.5 mm). The same was true for the population derived from 'Desiree'. Out of 41 genotypes tested against Ecc, 11 had a diameter of rotted area <4 mm and were classified resistant. Interestingly, resistant haploids were obtained from susceptible varieties AVRDC 1287.19, 'Desiree', and V2.
As for resistance to PVX, out of 53 genotypes tested, 9 were virus free after the ELISA test and thus were classified resistant. All haploid populations but 'Desiree' and 'Chiquita' Genome Vol. 47, 2004 had at least one resistant genotype. Resistant haploids were extracted from varieties AVRDC 1287.19, 'Conchita', and CFK 69.1, which are reportedly susceptible to PVX (from Cento Internacional de la Papa (CIP) pathogen-tested list). Three haploid clones (V2 59, V2133, and CFI158) were resistant to both tuber soft rot and PVX (data not shown). Table 2 also reports the results on pollen stainability analysis. Out of 58 genotypes planted, 48 flowered and 23 (40%) produced stainable pollen. Pollen stainability ranged between 5% (five haploids) and 90% (AVI 25), with an average of 35%. The control populations 'Desiree', AVRDC 1287.19, and V2 showed a pollen stainability of 8%, 95%, and 74%, respectively.
Discussion
In recent years, the use of molecular tools suggested that the process of haploid formation in potato in not as straightforward as hypothesized before. The long established theory of haploid production in potato is that they develop from unfertilized ovules by parthenogenesis (Von Wangenheim 1960) . Clulow et al. (1991) first reported the presence of DNA from the pollinator in haploid genotypes. Molecular and cytological studies supported this hypothesis, showing the presence of S. phureja genome in haploid genotypes (Clulow et al. 1991 (Clulow et al. , 1993 Wilkinson et al. 1995) . By contrast, Samitsu and Hosaka (2002) , indicated that haploids derived from pollinations with S. phureja (clone PI 1.22) did not contain S. phureja DNA fragments. It is possible that genomic regions containing small segments introgressed from S. phureja could be eluded by RAPD/RFLP analysis. Alternatively, as suggested by the authors, there can be a female or male parent or their combination effect in determining the presence of pollinator DNA in haploids extracted from tetraploids. The AFLP analysis performed in this study indicated that, besides segregating bands deriving from the tetraploid parent V2, two additional sources of variability were detected in our haploids: (i) S. phureja specific bands and (ii) ex novo originated bands. The presence of S. phureja DNA is very interesting, in that it confirmed that somehow the nuclear DNA of the S. tuberosum seed parent and that of S. phureja are in contact after pollination. It would be interesting to understand the mechanism leading to the haploid formation of our genetic material. Clulow et al. (1991) hypothesized preferential elimination of S. phureja chromosomes from triploid zygotes. Studies conducted through GISH analysis showed the presence of S. phureja DNA on three chromosomes of one true haploid. This finding suggested that interspecific translocations can occur after pollination in early development of haploids (Wilkinson et al. 1995) .
The finding of newly generated bands in our material may suggest that structural rearrangements during haploid formation occured. It is possible that these unique bands are the product of DNA rearrangements. In fact, the structural basis of DNA polymorphisms may involve single-nucleotide replacement of restriction sites of DNA sequence, as insertiondeletion of fragments and rearrangements of large DNA fragments. Alternatively, the reassembling of parental general patterns may also be attributed to the presence of S. phureja DNA segments. It would be useful to understand whether such mutations occur in functional genes or whether they occur in repetitive DNA sequences. These possibilities seems very reasonable when the ex novo bands appear in one or two genotypes (44% of cases). When several individuals showed the same ex novo bands, a PCR competition effect in tetraploid parent owing to allelic composition is also a possible explanation to the occurrence of ex novo bands in haploids. This should be considered for implications on genetic studies and breeding programs involving haploids.
Our AFLP data strongly suggested a common origin of haploids from the 4x parent V2 and a clear distance from 2x pollinator IVP 35. The discriminatory power of molecular markers was useful to detect the genomic constitution of haploid genotypes and to provide a better understanding of the degree of relationship between haploids, their parents, and the haploid inducer. It also allowed an estimate of the variability present in this haploid population, which was comparable to the one found by Milbourne et al. (1997) with AFLP analysis among different tetraploid cultivated varieties. The genetic diversity evidenced by AFLP analysis may be used as an indirect measure of the degree of unrelatedness to maximize heterozygosity in intra and interspecific progenies involving selected haploids. One genotype (V2 137) that is more closely related to IVP 35 could be further investigated to improve knowledge of haploid genomic constitution. The presence of S. phureja in haploids has important implications not only to clarify the mechanisms of their formation, but also to understand how traits that are lacking in S. tuberosum are present in their haploid offspring. Resistance tests to Ecc and PVX provided evidence that resistant haploids were available in the analyzed populations. Identification of varieties resistant to principal diseases and pests is an important goal for potato breeding. Interspecific hybridization (either sexual or somatic) of such haploids with diploid genotypes carrying other resistances may lead to the development of genotypes with multiple resistances. If one assumes that S. tuberosum haploids are produced parthenogenetically from interploidy pollinations with S. phureja, our results can be explained by the fact that recessive alleles, which are not expressed in the tetraploid form, can be expressed in their haploids. Recessive homozygous haploids at a given heterozygous locus can be produced from duplex (AAaa) and simplex (Aaaa) genotypes. If double reduction occurs, triplex (AAAa) genotypes can also generate recessive homozygous haploids. On the other hand, interesting traits present in the haploids but absent in 4x parents may come from genes introgressed from S. phureja and not from recessive alleles of S. tuberosum. This is particularly interesting given that S. phureja has been reported as being resistant to PVX and Ecc, the two diseases for which we screened haploids (Valkonen et al. 1995; Wolters and Collins 1995) . Moreover the resistance to Ecc in the V2 haploid population, analyzed with AFLP markers, was correlated with the presence of S. phureja specific bands (r = 0.58, P < 0.05).
Results on haploid male sterility also can be explained on the basis of the presence of S. phureja nuclear genes in their genome. It is possible that DNA sequences introgressed from S. phureja have a negative interaction with S. tuberosum cytoplasm, resulting in haploid male sterility, as already reported by Hermundstad and Peloquin (1985) . Despite the occurrence of male sterility, 43% of haploids produced stainable pollen at a satisfactory level. This is very important in light of the fact that a major obstacle limiting crossing work is haploid male sterility.
In conclusion, molecular and phenotypic analysis carried out allowed the characterization of potato haploids for use in genetic studies and breeding efforts. The presence of S. phureja genome in haploid progeny indicated that haploids do not originate simply by unfertilized egg cells, and this should be taken into account when haploids are used for either basic research or intra and interspecific hybridization programs.
